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Summary of the Project

The research objectives are:

. To develop and study modelocked lasers as sources for fast optical signal process-
ing.
. To assess all aspects of picosecond optoelectronic devices based on transient pho-

toconductivity effect as signal processor.

Within these gencral and broad objectives, we have undertaken the following

areas of research tasks:

. Develop compact, high-power sources of short pulses.

. Develop new photoconductive materials capable of high-field applications.
The progress to date is summarized as follows:

. The argon laser pumped, continuously operating Nd: glass laser, previously mode-
Jocked in our laboratory to generate 7 ps pulses at 100 MHz repetition rate, has
been further developed to include a Nd: glass regenerative amplifier which not
only amplifies the pulse energy by over 10¢ to 11 uJ at a 370 Hz repetition
rate but also broaden the pulse spectrum by self-phase-modulation which leads
to 0.55 psec pulsewidth after compression. These optical pulses have also been
compressed with an optical fiber to 30 fs. A semiconductor laser pumped version

of the system is under development.

. Natural and synthetic diamond photoconductive devices have been developed for
high-field (> MV/cm) and high-speed (< 1ns) applications. Devices developed

include photoconductive switches, and photodiodes.

Since most of the results have been or to be published in scientific journals, we
will describe each project very briefly. The list of publications for each project
is included as part of the project description while the reprinis and preprints are
enclosed in the appendices which should be regarded as an integral part of this

report.




Project Description

1. High Repetition Rate Nd: phosphate Glass Oscillator

and Regenerative Amplifier System.

The CW neodymium laser was first modelocked by us to emit 7 ps pulses. We have
further developed the system by adding a regenerative amplifier, also made of Nd: glass
and pumped by the same argon laser as the modelocked oscillator. The amplifier not only
amplifies the pulse energy by more than 104 to 20 uJ, it also broadens the pulse spectrum
by self-phase modulation to from 24 to 15A. After compression with a pair of gratings, the
amplified pulses are 0.55 ps and has an energy of 11 uJ at a 370 Hz repetition rate. Using
a regenerative amplifier to broaden pulse spectrum overcomes the major short-coming of
the conventional method with optical fibers: optical power limitation. Much higher opical
power can be used in the regenerative amplifer than in the fiber core. The details are in

Appendices 1 and 2.

These amplified and compressed pulses, after attenuation to avoid optical damage,
can be further compressed by an optical fiber. The finally compressed pulses are only 30

fs short, a record for neodymium systems. (The details are in Appendix 3).

The pumping source of our system is argon laser. To make a more compact and more
reliable system, we have started developing a diode laser pumped version. We have already
succeeded in modelocking the oscillator, with about 30 mw average output at 1 um using
1 w of pump power. The pulsewidth is 30 ps. The modelocked oscillator is shown in Fig.
1. The diode lasers are combined with a polarizing beam splitter and focussed onto a fiber
whose function is to convert the diode laser beams to a smooth, circular beam profile so
that it can be better focussed on the Nd: glass gain medium. The laser is modelocked

with an acouste-optic modulator.

Publications

1. “An Actively Mode-locked Continuous Wave Nd: Phosphate Glass Laser Oscil-
lator and Regenerative Amplifier,” L. Yan, J-D Ling, P.-T. Ho, C. H. Lee and G.
L. Burdge. IEEE J. Quan. Elec., 24, pp 418-426 (1988) (Appendix 1)
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2. “Generation of High Power, High Repetition Rate, Subpicosecond Pulses by In-
tracavity Chirped Pulse Regenerative Amplifier,” L. Yan, P.-T. Ho and C. H.
Lee, and G. L. Burdge, to appear in Applied Physics Letters (Appendix 2)

3. “Femtosecond Pulse Generation at 1.05 um Using Self-Phase Modulation in a Re-
generative Amplifier and a Fiber,” L. Yan, P.-T. Ho, C. H. Lee and G. L. Burdge,
to be presented at CLEO ‘89 (Appendix 3)
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Fig. 1 Diode Laser Pumped Modelocked Nd: Glass Laser




2. Diamond Optoelectronic Devices

Diamond has many attractive properties for high power and high device density ap-
plications: (1) high mobility; (2) high dielectric strength; (3) high heat conductivity; (4)
high dark resistivity; and (5) hardness to radiation. We have developed optoelectronic
devices using both natural and synthetic diamonds. Type Ila, purest of natural diamond
crystals, and synthetic films about 1 um thick grown at low temperature and low pressure
by Crystallume, Inc., were used. Both types of diamond were found to be able to hold

over 1 MV /cm bias and sensitive to output from N; and KrF lasers.

Bulk natural diamonds have been used to study high field effects which are unavoidable
in high power and high-density applications. Electrical signals can be switched out with UV
laser whose wavelengths be below the diamond bandgap, and up to 10 kV has been switched
out (Appendix 4). Nonlinear effects in bias fields have also been observed (Appendix 4). It
should be noted that the diamond resistance changes by over 10’ with UV light a dynamic

range rarely observed in physical experiments.

Synthetic thin films gorwn on p* silicon have also been studied. Despite the film’s
high dark resistivity, the films have observable resistance because the films are only 1 ym
thick. Electrical contact was made on the silicon substract, which serves as one electrode,
and on top of the diamond film, a thin (100A) of aluminium was deposited to transmit
light, and a thicker aluminium ring was used to complete the second electrode (Fig. 2).
Typical current-voltage characteristics are shown in Fig. 3. The device acts electrically
as a diode. Incident radiation decreases the device resistance (Fig. 3). Interestingly, the
device is responsive to a broad spectrum of light, ranging from 1um to near UV. Since a
diode contact can readily be fabricated, a transistor/photo-transistor on diamond film in

our next goal.

Publication

1. “Photoconductive Switching in Diamond under High Bias,” J. J. Curry, S. T.
Feng, C. H. Lee, P.-T. Ho, and J. Goldhar, Technical Digest, CLEO 1988 pp
110-112 (Appendix 4)
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3. Pulse Evolution in 8 CW Passively Modelocked Dye Laser

A CPM dye laser was used to study the basic pulse formation mechanism in a passively
modelocked laser using a slow saturable absorber. The study concludes that the mechanism
proposed by New and Haus is basically correct, and therefore other lasers can be designed

on the same principle (Appendix 5).

1. “Evolution of Gain and Absorption in a CW Modelocked Dye Laser,” Y. X. Wu
and P.-T. Ho, to appear in Optics Letters (Appendix 5)
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An Actively Mode-Locked Continuous Wave
Nd:Phosphate Giass Laser Oscillator and
Regenerative Amplifier

LI YAN, JUN-DA LING, P.-T. HO, CHI H. LEE, anp G. L. BURDGE

Abstract —-The performance of a continuous wav+ actively mode-
locked Nd:phosphate glass laser oscillator and a high-repetition-rate
Nd:phosphate glass regenerative amplifier is described. Pulses as short
as 7 ps at 1.0%4 um have been generated at a 100 MHz repetition rate
from the laser oscillator. The oscillator output has been amplified by
2 x 10° to 8 uJ/pulse at a repetition rate of 500 Hz.

INTRODUCTION

ODE-LOCKED necodymium (Nd) lasers have be-

come indispensable tools for scientific research.
Theu high-intensity pulses are used to study linear and
nonlinear optical phenomena [1], {2]. In all applications,
high reliability is required. In many applications, elec-
tronically synchronized pulses at a high repetition rate are
desired for fast data acquisition.

Although a continuous wave (CW) actively mode-
locked Nd: YAG laser can be electronically synchronized
and can generate optical pulses at a high rate, it cannot
produce short pulses reliably. For instance, because of its
narrow fluorescence line width ( ~5 cm™") [3], (4], the
Nd:YAG pulsewidth is limited to about 70-100 ps for
modulator driving frequencies of about 50 MHz and mod-
erate modulation depths [5], [7]. Although passively
mode-locked Nd: YAG lasers can produce 25 ps pulses
{8), [9] and colliding pulse mode-lockrd lasers can gen-
erate 10-12 ps pulses [10], the passive mode-locking pro-
cess with a saturable dye absorber in these lasers creates
a large time jitter, which prevents electronic svnchroniz-
ing.

The Nd: glass laser, on the other hand, has a broad line
width ( ~200 cm~') and can therefore generate much
shorter pulscs. Laser pulses of a few picoseconds have
been generated from Nd:glass lasers by passive mode-
locking [11], [14], active and passive mode-locking [15),
or purely active mode-lorking {16]. Short pulses from an
active mode-locking Nd: glass laser can be synchronized
to external equipment. However, these short pulses come

Mznuscript received May 28, 1987, revised August 21, 1987. This work
was supported in pant by the U.S. Air Force Office of Scientific Research.

L. Yan 3 -D.Ling. P.-T. Ho, and C. H Lee are with the Depantment
of Electncal Engincering, University of Maryland, College Park, MD
20742.

G L Burdge is with the Laboratory of Physical Sciences, College Park,
MD 20740

IEEE Log Number 8717798

with a price. Because of the small stimulated emission
cross section (3—4 X 1072° cm?), which is an order of
magnitude smaller than that of N4. YAG, a Nd: glass laser
has a much higher threshold than a Nd: YAG laser. Fur-
thermore, the thermal conductivity of Nd: glass is also an
order of magnitude smaller than that of Nd: YAG. This
makes heat dissipation difficult in Nd: glass, and as a re-
sult, Nd : glass encounters more severe thermal distortions
{12} despite the small thermal-optic coefficient of
Nd:glass. In fact, Nd:glass is more easily fractured by
thermally induced stress than Nd:YAG. The conven-
tional flash lamp pumping of Nd:glass generates much
useless heat at short wavelengths; therefore, shorn pulses
from these Nd: glass lasers are generated by Q-switching
at a few hertz repetition rate [11], [16]. Passively mode-
locked laser pulses have inherent stochastic fluctuations,
so that stability is poor, and synchronizing is impossible.

We have developed a CW actively mode-locked
Nd : phosphate glass laser. It combines the advantages of
short pulse generation, high repetition rate, and synchro-
nizability. The argon laser longitudinal pump scheme re-
duces the severe thermal problems, thereby allowing CW
operation [17], [18]. The laser has generated pulses as
short as 7 ps at 1.054 um at a 100 MHz repetition rate
with >20 mW of average power [19]. In this paper, we
will describe the laser construction and performance. This
CW actively mode-locked ring laser also provides a
unique opportunity to study the pulse formation in an in-
homogeneously broadened solid-state laser and to explore
some previously unreported properties associated with a
ring laser. In the following sections, we will discuss the
laser characteristics and compare the characteristics of the
mode-locked homogeneously broadened laser and other
ring lasers to the Nd: phosphate glass laser.

Recently, many groups [5], [6], [20], [21] have com-
pressed the pulses from a CW actively mode-locked
Nd: YAG laser by using an optical fiber and gratings.
Pulses have been compressed to the subpicosecond region
[5]. [21]. However, because of stimulated Raman scat-
tering, the pulse energy after the compression is limited
to 1-20 nJ 5}, {6]. [20], [21]. For higher-intensity ap-
plications, the pulse energy has to be amplified further. A
Nd: YAG regenerative amplifier can operate at kilohertz
repetition rates [22], but its narrow line v»th prevents it

0018-9197/88/0200-0418%01.00 © 1988 IEEE
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from amplifying short pulses. However, a high-repeti-
tion-rate Nd:glass amplifier system can produce ultra-
short pulses at high repetition rates. We will describe the
first operation of such a high-repetition-rate Nd : glass re-
generative amplifier, which can amplify the pulse energy
up to 5 uJ at a SO0 Hz repetition rate.

LASER OSCILLATOR

The ring resonator ceanfiguration of the laser oscillator
is shown in Fig. 1. The spherical mirror M1 through
which the pump beam enters has a dichroic coating for
maximum transmission at 514 nm. The laser medium is a
rectangular Nd : phosphate glass slab 3 mm thick, 20 mm
long, and 15 mm wide [23]. The two 3 x 15 mm surfaces
are polished and antireflection (AR) coated at 1.054 um.
The glass slab is wrapped with indium foil and sand-
wiched between two copper blocks, which are cooled by
temperature-controlled running water. The Nd: glass slab
is longitudinally pumped by the CW output at 514 nm
from an argon ion laser, which is focused at the Nd : glass
medium with a beam waist of 65 um. A standing wave
acoustooptic modulator (IntraAction ML-505J) actively
mode-locks the Nd:glass laser. Both windows of the
modulator are AR coated at 1.06 um. The modulator is
driven with 1.5 W of RF power at about 50 MHz—half
of the round-trip frequency of the ring cavity—by a fre-
quency synthesizer with 10 Hz sensitivity and 10~° sta-
bility and by a broad-band RF power amplifier. The mod-
ulator is cooled by temperature-controlled running water.

CW mode-locking of the Nd : phosphate glass laser was
readily achieved with argon-ion pump power greater than
0.8 W and with the intracavity acoustooptic modulator
tuned to a cavity resonance around 50 MHz. Although our
cavity design provides a large stability range, we have
found that it is important to adjust the spacing between
the two spherical mirrors to the middle of the stability
range. This adjustment results in a cavity which is less
sensitive to intracavity elements and more tolerant to the
thermal lensing in the glass. Moreover, by operating in
the middle of the stable range, the argon-ion pump beam
profile has a better match to that of the Nd: glass laser.
The argon-ion pump laser power must be held within 0.2
W otherwise, lasing will cease.

The mode-locked laser performance is monitored by a
fast pin-diode detector and sampling oscilloscope. Tuning
sensitivity of the acoustooptic modulator driving fre-
quency depends on the pulse duration itself For instance,
when pulsewidths are longer than ~ 120 ps, a few hundred
hentz shift in driving frquency will not change the pulse
duration appreciably. However, when pulsewidths are
shorter than ~70 ps, even a 10 Hz shift in driving fre-
quency can appreciably change the pulse duration, as
monitored on the sampling oscilloscope. In addition to the
acoustooptic modulator tuning effects on the pulsewidth,
any ectalons created by intracavity elements can also
change the pulsewidth, so extensive care has been taken
to avoid these effects.

e e o e — e e e e e e
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Acousto-cptic Moduator

Fig. 1. Schematic of the CW actively mode-locked Nd : phosphate glass
laser oscillator. M1 is & dichroic-coated plano-concave mirror with R =
30 cm. M2 is an R = 30 cm planoconcave mirror with HR costing. M3
and M3 are plano mirrors with HR coating. M4 is & piano mirror with a
reflectance of 97 percent.

A TEM, transverse mode is essential for the genera-
tion of short pulses. With good alignment, a TEM, trans-
verse mode is achieved without any intracavity aperture
because the focused pump beam at the medium forms an
effective aperture. However, when the resonator is not
aligned well, the laser will produce higher-order trans-
verse modes. During operation with higher transverse
modes, laser pulses are long ( > 150 ps), whereas during
TEMy, mode operation, laser pulsewidths are reduced ap-
preciably. Such a broad pulsewidth for higher transverse
modes is caused primarily by nondegeneracy of the mode
spacing for the fundamental and higher-order transverse
modes. For a mixture of transverse modes, phase-locking
of all the modes becomes difficult.

We have found experimentally that the argon-ion pump
level plays an important role in the overall performance
of the Nd: glass laser. Basically, as the pump power in-
creases, the laser stability and the pulse coherence im-
prove, and the pulsewidth gets shorter. Fig. 2 summarizes
the pulsewidths observed at different pump powers. When
the Nd : phosphate glass medium is pumped below 1.1 W,
the laser output is not stable, and only =100 ps pulse-
widths can be attained, as observed on the sampling os-
cilloscope. When the pump power is increased to 1.2 W,
pulsewidths shorter than 100 ps are observed. When the
pump power is increased to above 1.4 W, pulsewidths
less than 50 ps are measured. (These short pulsewidths
were measured by the standard collinear intensity auto-
correlation method [24].) When the pump power exceeds
1.8 W, good stable laser operation is achieved. The sam-
pling oscillogram of laser pulses (Fig. 3) shows the good
stability and reproducibility of the laser, although the
pulsewidth is shorter than the detection bandwidth limit
of 73 ps. The autocorrelation measurements yield pulse-
widths typically between 20 and 30 ps with good coher-
ence characteristics. At a pump power of ~3.2 W, we
obtained the shortest pulsewidth of 7 ps (Fig. 4). (To
avoid possible damage to the Nd: glass slab, we did not
use pump powers higher than 3.3 W.)

The improved performance of the laser as the pump
power increases can be explained qualitatively as follows.
Although the Nd:phosphate glass is nominally inhomo-
geneously broadened with an effective fluorescence line
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Fig. 2. Pulsewidths observed at different pump powers. The solid squares
are measured by a sampling oscilloscope; the circles are measured by
autocorrelation.

Fig. 3. Sampling oscillogram of the CW mode-locked pulses. The com-
bined response time of the detector and the sampling oscilloscope is 73
ps (FWHM).

width Af = 6 x 10'2 Hz, the homogeneous width of each
constituent ion species is about 6 x 10'' Hz [25]. This
homogeneous width is broad enough to cover many lon-
gitudinal modes of the resonator (mode spacing = 100
MHz). The laser is neither strictly homogeneously
broadened nor strictly inhomogeneously broadened, but
rather it is more homogeneously broadened at low pump-
ing levels and increasingly inhomogeneously broadened
at higher pumping levels. Mode-locking a homoge-
neously broadened laser is more difficult, as the band-
width comes from side-band generation. Mode-locking an
inhomogeneously broadened laser is easier since the
bandwidth is already there. Only a small injection signal
from side-band generation is required to lock in phase the
different components within the free-running bandwidth.

IEEE JOURNAL OF QUANTUM ELECTRONICS, VOL. 24, NO. 2, FEBRUARY 1988 ..
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Fig. 4. Autocorrelation trace of pulses from the CW mode-locked
Nd: phosphate glass laser. A Gaussian pulse shape is assumed. The 3:1
ratio indicates that pulses are coherent.

Thus, in our case, at lower pumping levels we can esti-
mate the pulsewidth 7, using theories for actively mode-
locked homogeneous lasers [26]. As the pumping level
increases, the laser becomes more inhomogeneously
broadened, and the free-running bandwidth increases. We
can expect the pulsewidth to decrease as the longitudinal
modes within the increased bandwidth are locked to-
gether, which is indeed what we observe experimentally.

The steady-state pulsewidth 7, expected from active
mode-locking a homogeneously broadened laser is [26],

271
_(@2In 2)'"” (i)m (J.)m (1)
PTTo O \&) \far
for the single-pass amplitude transmission given by
m(t) = cos (0,, sin 2[1f,1) (2)

where Af is the gain line width, f,, is the modulator driv-
ing frequency, 0,, is the modulation depth, and g = § In
(1/R.q) is the saturated round-trip amplitude gain. Rq is
the effective power reflectivity including all cavity losses.

In our experiment, the following parameters are used
or estimated: the Nd:phosphate glass effective fluores-
cence line width Af = 6 x 10'2 Hz, f,, = 50 MHz, 6,,
= 0.4, and g = 0.064. With these parameters, the pulse-
width expected from (1) is 7, = 17 ps. This value is com-
parable to the 20-25 ps pulsewidths observed experimen-
tally at some moderate pumping levels. We do observe
quite a large pulsewidth variation at lower pumping levels
(see Fig. 2). However, in this unstable region of opera-
tion, the Kuizenga-Siegman theory [26] can no longer be
applied.

At our highest pump power, the shortest pulse gener-
ated (only 7 ps) was about twice as short as that predicted
by (1). The simultaneous measurement of the pulse spec-
trum by a spectrometer with a scanning diode array [28]
yields a 5.5 A pulse bandwidth (Fig. 5). We think that
such short-pulse generation reflects the following two
facts: 1) the increasing importance of inhomogeneous
broadening and 2) the involvement of phase modulation.
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FWHM=55 A

Fig S. Spectrum of pulses of 7 ps pulsewidth. FWHM = 5.5 A. The
spectrometer has a resolution of 0.156 A /diode at 1 ym.

We note that the bandwidth of the 7 ps pulses (5.5 A)
now approaches the homogeneous line width. As the
Nd : glass behaves more like an inhomogeneous broadened
gain medium, the free-running bandwidth increases, and
mode-locking is facilitated. Although coherent, the short-
est pulses we obtained (7 ps) did have a bandwidth broader
than the minimum required by Fourier transform. (The
measured produ .t of pulsewidth~bandwidth is ~1.1.) A
modulated structure can clearly be seen in the pulse spec-
trum (Fig. 5); this structure indicates that such short pulses
are indeed phase modulated. Phase modulation broadens
the pulse spectral bandwidth, and under proper condi-
tions, it can generate very short pulses.

Self-phase modulation (SPM) occurs commonly in high-
power Nd:glass lasers [12], {16], [29]. In a recent ex-
periment, Tomie [16] generated 4 ps pulses at the second
harmonic from an actively mode-locked and Q-switched
Nd: phosphate glass laser. The mechanism for generating
such shont pulses i< round to be the SPM and interference
through a thin etalon [16]. The intracavity laser intensity
in that experiment was 300 MW /cm?, which is above the
SPM onset intensity of 150 MW /cm? [11). In our exper-
iment, however, the focused intracavity laser intensity at
the Nd : glass medium is about 30 MW /cm? (15 nJ intra-
cavity pulse energy and beam waist of S8 um) even for a
pulse duration of 10 ps. The laser intensity at the acous-
tooptic modulator is two orders of magnitude lower than
that at the laser gain medium. Furthermore, no thin etalon
is inserted inside our laser cavity. The shortest intracavity
element is the 2 cm long Nd : phosphate glass siab; hence,
when the pulse duration is less than 100 ps, any possible
interference caused by the slab is expected to be very
weak. Therefore, the SPM effect, at least, is not the main
pulse-shaping mechanism. Instead, we observe a corre-
lation between the onset of the modulated pulse spectrum
and a tuning of the modulator driving frequency. At a cer-
tain modulator driving frequency, the laser generates
pulses ( ~20 ps), which yield a smooth bell-shaped pulse
spectrum with a 2.7 A bandwidth. When the modulator

Q1

driving frequency is tuned about 1 kHz above the cavity
resonance frequency, the pulse spectrum broadens, and
the modulated structure appears. This suggests that some
phase modulation is introduced through the detuning in
the modulation process and that this phase modulation is
involved in the pulse shaping. In fact, for the case of
mode-locking by FM [26] when the pulse repetition fre-
quency (twice the modulator driving frequency) is de-
tuned above the cavity resonance frequency, the laser
pulsewidth is actually shortened. The short-pulse gener-
ation mechanism in our experiment is not yet fully under-
stood, and work on this effect is continuing.

Also, we have observed a directional asymmetry of
laser oscillation in our actively mode-locked ring laser os-
cillator. With the acoustooptic modulator driving power
off, CW laser oscillation occurs in both counterpropagat-
ing directions with nearly equal intensity. However, with
the modulator driving power on and with the Nd: glass
laser aligned to give short pulses, the oscillation intensity
in one direction is much greater ( 2 20 times ) than that in
the other direction. The laser power dropoff in one direc-
tion is usually accompanied by an increase in power in
the counterpropagating beam. By adjusting the acous-
tooptic modulator elevation angle (around the Bragg an-
gle), we can flip the dominant laser oscillation from one
direction to the other direction. Mandel and Abraham [30]
and Lett et al. [31] have studied the stability of a bidirec-
tional homogeneously broadened ring laser. For a single-
longitudinal-mode oscillation in two directional modes,
they found that the symmetric solution is always unstable
above threshold, whereas the asymmetric solution has a
finite domain of stability. Destabilization of this asym-
metric solution causes spontaneous and random switching
between the zero-intensity mode and the oscillating mode.
However, for multimode lasers, especially mode-locked
ring lasers, no theoretical or experimental results of such
directional asymmetry of oscillation have been reported.
In fact, colliding pulse mode-locking of a ring laser [32)
requires two equally intense beams in the two counter-
propagating directions. Tomov er al. [33] reported a uni-
directional traveling wave operation of their mode-locked
Nd:glass ring laser. But in their setup, a saturable ab-
sorber cell was placed near one end of the laser medium
to generate directional discrimination, and the unidirec-
tional oscillation is unique. In our experiment, no dis-
criminative element is deliberately inserted inside the ring
cavity, and the modulator is placed a quarter of the cavity
length away from the laser medium. Since the fluores-
cence lifetime of the Nd : glass ( 2 300 us) is much longer
than the cavity round-trip time (10 ns), cross-saturation
effects should be negligible. The mechanism of this pre-
viously unreported asymmetric directional oscillation in
an actively mode-locked Nd: glass ring laser is not well
understood. However, we can again correlate the assym-
metric oscillation to the pulse narrowing via the gain level
increase since the gain in one direction will be enhanced
if an asymmetric oscillation favors that direction.

We have also studied the Nd : glass laser behavior when
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Fig. 6. Simultancous mode-locking and relaxation oscillations when the
pump beam outside the cavity is chopped. Although the individual mode-
locked pulses cannot be resolved, the envelope relaxation oscillations

can be seen clearly.

a mechanical chopper is used to chop (at a rate between
200 and 500 Hz) either the IR laser beam inside the cavity
or the argon-ion laser pump beam outside the cavity. In
both cases, simultaneous mode-locking of individual
pulses and envelope relaxation oscillation occur as shown
in Fig. 6. The period of the envelope relaxation peaks is
about 50 ~ 60 us, and the width of the initial spike is
about 1 us. After about 600 us, the envelope of the mode-
locked pulses reaches its steady-state value. Similar phe-
nomena have been observed before {34], [35] in the pre-
lase stage of actively mode-locked and Q-switched
Nd: YAG lasers, and the envelope relaxation oscillation
is the well-known result of the transient interplay among
the population inversion, the intracavity photon flux, and
the photon decay time [36).

The pulse energy at the peak of the initial spike is in-
creased 40 times over the pulse energy at the steady state
when we chop the IR beam inside the cavity while we CW

pump the Nd:phosphate glass. The pulse energy in-
creases at the expense of an increase in pulsewidth. Au-
tocorrelation traces of pulses from this mode-locking and
relaxation oscillation show the characteristic of a spike on
a broader (80-100 ps) shoulder.

REGENERATIVE AMPLIFIER

We have also developed a linear CW-pumped
Nd: phosphate glass regenerative amplifier, as shown in
Fig. 7. (Like the oscillator, the amplifier is also CW
pumped, which allows operation at high repetition rates.)
The resonator is constructed from two high-reflection-
coated (1.06 um) plane parallel mirrors and an f = 85
mm focusing lens. This resonator is similar to the os-
cillator ring resonator except that a different focusing
lens and resonator length have been used. A2 x 15 x 20
mm Nd:phosphate glass slab (Schott LG 760) provides
the gain. The cooling scheme for the laser glass slab is
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Fig. 7. Schematic of the lincar Nd: phosphate glass regencrative ampli-
fier. M1 is & plano mirror with dichroic coatings. M2 is s plano mirror
with HR coating. L is a fens with f = 8.5 cm. BS! is a beam splitter
with a reflectance of ~ 10 percent at 1.054 um. BS2 is a beam splitter
with g reflectance of ~ 50 percent at 514 nm.

the same as that used in the oscillator. A single intracavity
Pockels cell [Medox 0690-KDP] is used in the regenera-
tive amplifier. During the on stage, the Pockels cell intro-
duces a quarter-wave retardation, and during the off stage,
it introduces a full-wave retardation. The Pockels cell,
combined with a quarter-wave plate and a thin film polar-
izer, traps the injected pulse and later dumps it out of the
regenerative amplifier. Phase-locking of the regenerative
amplifier with the injected mode-locked pulse is main-
tained by driving the Pockels cell at 500 Hz downshifted
from the 50 MHz driving frequency of the laser oscillator
acoustooptic modulator. To minimize loss, all intracavity
elements are AR coated at 1.06 um,

To isolate the regenerative amplifier from the oscillator
and extract the amplified pulses from the amplifier, we
use an R = 10 percent beam splitter. The beam waist of
the oscillator is imaged by a lens to match the larger am-
plifier waist so that the diffraction loss of the injected pulse
energy can be minimized. This approach maintains a high
energy contrast ratio of the initial injected pulse to the
spontaneous emission from the amplifier and thereby min-
imizes the amplified spontaneous emission.

A portion ( ~ 20 pJ ) of the 20 ps output pulse train from
the CW mode-locked Nd : phosphate glass laser oscillator
is injected into the regenerative amplifier. When the re-
generative amplifier is pumped with 1.8 W of argon ion
laser power, the injected pulse is amplified to maximum
energy after about 300 round-trip passes and is then
dumped out from the amplifier. An amplified pulse energy
of 1 uJ (5 x 10 amplification) has been realized with
this regenerative amplifier. (When thermal birefringence
is compensated for, then 5 uJ output pulses can be pro-
duced. This is discussed later.) The 500 Hz repetition rate
is presently limited by the Pockels cell. However, the CW
pump scheme should allow a 2 kHz repetition rate oper-
ation, ultimately limited by upper-level lifetime.

Preliminary streak camera measurements of the ampli-
fied pulsewidth show a primary peak 50 ~ 60 ps in width
(Fig. 8) and smaller satellites about 1 ns away. Two
causes of this long pulsewidth are possible. One is the

Fig. 8. Streak camera picture of the amplified pulse. The puisewidth is 50
ps (FWHM).

gain saturation, which can cause the line narrowing of the
gain medium. However, because the line width of
Nd: glass is much broader than the pulse bandwidth, this
line narrowing will not affect the pulse bandwidth until
the amplification is near its peak. Another possible cause
could be the SPM, which might occur in the later stage
of the amplification process. Although we believe that
SPM is not occurring in the oscillator because of the low
power density, we should note that the pulse energy can
be 40 times greater inside the regenerative amplifier than
inside the oscillator. Thus, strong SPM may occur, lead-
ing to the pulse broadening obscrved. Such pulse
broadening could be eliminated by compressing the am-
plifier output with a grating pair. Considering the broad
line width of Nd: glass, one could expect amplification of
pulses as short as 200 fs. (A low-repetition-rate Nd : glass
chirped pulse amplifier and compression system produced
2 ps pulses with the possibility of subpicosecond pulse
performance [37], {38].)

Even when the regenerative amplifier is aligned to have
a net gain greater than one, the relatively long amplifi-
cation process ( ~ 300 roundtrips) indicates that the un-
saturated net gain of the regenerative amplifier is small.
We find that this small unsaturated net gain is caused by
thermal birefringence. Thermal birefringence and thermal
lensing effects are well known for high-power Nd: YAG
and Nd: glass lasers [39]. Our experimental studies [40],
in accordance with theory, show that under tight focusing
even a few watts of absorbed heat can cause strong ther-
mal birefringence. Using a mechanical chopper to chop
the argon ion laser pump beam, we observe the effect of
the thermal birefringence loss. The laser leakage output
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Fig. 9. Laser ouput as observed through mirror M2 of the linear cavity.
The Pockels cell and the quarter-wave plate are removed. Outputs for
four cases are observed with or without the intracavity polarizer for either
chopped or CW pumping. For the chopped pumping case, the plotted
power was measured about 600 s after initial lasing.

from one end mirror is monitored by a pin-diode detector,
which is calibrated by a caloric power meter. With a po-
larizer inside the cavity and with the pump beam chopped
at a 50 percent duty cycle, the laser output monotonically
decreases after the initial relaxation oscillations (about 600
us) during the lasing period. The laser output about 600
us after lasing begins is compared to the laser output when
CW pumping is used. Similar experiments are done with
the polarizer removed. Fig. 9 summarizes our results. Al-
though the laser alignment has not been optimized, the
dramatic difference between CW pumping and chopped
pumping with and without the intracavity polarizer clearly
reflects the effect of the thermal birefringence loss.

There are several possible solutions to the thermal
problem. One can use a semiconductor diode laser or
diode laser array as the pump source. The diode laser
pump at ~800 nm has a better quantum efficiency and
probably a better branching ratio than the argon ion laser
pump at 514 nm. Thus, for a given gain level, the residual
heat can be reduced by a factor of more than three as com-
pared to argon-ion laser pumping. Recent experiments
with diode-laser-array-pumped solid-state lasers have
shown high efficiency [41], [42], and the development of
high-power diode-laser-array pumping shows a promising
future [43].

To avoid unnecessary heat generation, synchronous
pumping up to 2 kHz can replace CW pumping since one
does not have to pump longer than the 300 us fluorescence
lifetime of Nd>*. The unnecessary heat generated be-
tween each period of energy storage and amplification can
thus be removed. High-repetition-rate periodic pumping
can be achieved either by using a quasi-CW diode laser
array or by simply chopping the pump laser beam at a high
frepetition rate.

An altemnative solution to the thermal problem is a ther-
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Fig. 10. Schematic of the thermal-birefringence-compensated Nd : phos-
phate glass regenerative amplifier. The two Nd: phosphate glass slabs
are the same (Schott LG 760). M1 is a dichroic-coated plano-concave
mirror with R = 10 cm. M2 is a dichroic-coated plano-concave mirror
with R = 30 cm. M3 is a plano mirror with HR coating. BS1 is a beam
splitter with R ~ 10 percent at 1.054 um and R ~ 50 percent at 514
am.

mal-birefringence-compensated resonator [44]. Fig. 10 is
the schematic of a variant. It is designed specifically to
accommodate the symmetric double end pumping of two
Nd: glass slabs. The 90° crystal quartz polarization rota-
tor, placed between the two Nd: glass slabs, flips the ra-
dial and tangential field components at every point in the
transverse beam profile. Thus, the difference between the
radial index and the tangential index caused by thermal
stress in one Nd: glass slab is compensated for in the sec-
ond Nd: glass slab because the field components have been
switched. With this thermal-birefringence-compensated
regenerative amplifier, we have amplified the pulse en-
ergy to 5 pJ in about 110 round trips at the same 1.8 W
pump power used to pump the previously configured re-
generative amplifier. (We have end pumped each phos-
phate glass slab with 0.9 W.) This represents a factor of
five increase in the amplified pulse energy and a reduction
of about three in the buildup time.

SUMMARY

We have described the performance of a CW actively
mode-locked Nd:phosphate glass laser oscillator and a
high-repetition-rate Nd : phosphate glass regenerative am-
plifier. A 100 MHz pulse train at 1.054 um has been gen-
crated with 7 ps pulsewidths and an average output power
of >20 mW. By mechanically chopping the Nd:glass
laser beam in the cavity, we increased the pulse energy
40 times at the expense of broadening the pulsewidth.
Moreover, we found that the gain level of the
Nd: phosphate glass laser is important in generating short
and coherent laser pulses. At moderate pumping levels, a
pulsewidth ~20 ps is produced, which agrees with the
value expected from a theory for the actively mode-locked
homogeneous laser. At high pump levels, even shorter
pulses are generated, and phase modulation, introduced
through the detuning in the modulation process, is in-
volved in the pulse shaping. By compensating for the
thermal birefringence, we designed a regenerative ampli-
fier, which amplified the laser pulses from the CW ac-
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tively mode-locked Nd : phosphate glass oscillator to § xJ
at a 500 Hz repetition rate. In addition, only a single ar-
gon-ion laser pumped both the oscillator and the regener-
ative amplifier. Furthermore, the Nd: glass medium has
the potential for amplifying pulses as shornt as 200 fs at a
high repetition rate.
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Generation of High Power, High Repetition Rate, Subpicosecond Pulses by
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ABSTRACT

A neodymium phosphate glass regenerative amplifier is used for both pulse
energy amplification and spectral broadening. After compression by a grating pair,

0.55 psec pulses of 11 pJ energy are generated at a 370 Hz repetition rate.




Much attention in recent years has been given to pulse compression as a
practical technique for generating ultrashort laser pulses.'® Two diverse
neodymium laser systems have evolved. One system produces pulses at a high
repetition rate (~ 100 MHz) and low pulse energy (< 20nJ).*® The other system
generates pulses at a low repetition rate but with high pulse energy (> 1mJ) using -
chirped pulse amplification and compression.”® In both laser systems, because of
the long initial pulse width, a long optical fiber is needed to achieve substantial
spectral broadening through self-phase modulation (SPM). The optical fiber has
limited power handling capability caused by stimulated Raman scattering or caused
by surface melting or both. Although the final pulse energy can be quite high by
chirped pulse amplification and compression, the initial pulse energy from the
oscillator has to be high enough to generate a substantial spectral broadening. In
this letter, we report using a regenerative amplifier for both pulse energy
amplification and pulse spectral broadening and chirping through intracavity self-
phase modulation.?'% With this configuration, we avoid using optical fiber for pulse
spectral broadening. The amplified and chirped pulses are then compressed by a
grating pair to 0.55 ps with a pulse energy of 11uJ at a 370 Hz repetition rate. Such
high energy, subpicosecond pulses at the relatively high rate of 370 Hz fills the gap
between the systems at the two extremes.

Figure 1shows the schematic of the laser oscillator-amplifier system. The
output of a single cw argon ion laser at 514nm is split to pump both a cw mode-
locked Nd:phosphate glass oscillator and a Nd:phosphate glass regenerative
amplifier.'’ The pump beam for the regenerative amplifieris chopped by a
mechanical chopper, which is synchronized to the Pockels cell, to reduce the
average pump heat loading and thereby minimize the thermal birefringent loss."

The total pump power used is 3.6 watts. The oscillator is actively mode-locked by an
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acousto-optic modulator. Using an intracavity etalon for bandwidth selection, we
can generate Fourier-transform-limited pulses of about 11 ps at 100 MHz repetition
rate with a 50 mW average power. A seed pulse (~5 pJ) from the oscillator is injected
into the regenerative amplifier. After about 60 round trips in the regenerative
amplifier, the pulse is amplified to about 27 pJ before it is switched out. With

eighty percent transmission of the beam splitter, about 21 pJ pulse energy is

coupled out. The regenerative amplifieris operated at a 370 Hz repetition rate.

Because of the short input pulse width, high amplified pulse intensity and
multiple passes, a strong self-phase modulation occurs in the Nd:phosphate glass
inside the regenerative amplifier. We observed the amplified pulse bandwidth
broadening from 2.0 R to about 15 & while the pulse width broadened slightly to
12 ps. These amplified and chirped pulses are then sent through a grating pair. The
1800 lines/mm grooved gratings are placed at anincident angle of about 80-.
Emerging from the grating compressor, the pulse {(assumed to be Gaussian) is
compressed to a width of 1.25 ps. The pulse duration-bandwidth productof 0.5 is
nearly Fourier-transform-limited.

The intracavity SPM can be further enhanced by inserting a nonlinear material
inside the regenerative amplifier. We have placed a second, unpumped slab of
Nd:phosphate glass next to the pumped Nd glass slab. This enhances the intracavity
SPM and the pulse bandwidth is broadened further to about 34 A (Figure 2).
Subsequently, the pulse is compressed to 0.55 ps (Figure 3) by the same grating pair.
Again, a Gaussian pulse shape is assumed and the pulse width-bandwidth product is
0.5. The pulse energy after compression is 11uJ and the pulse repetition 'rate is370
Hz.~

An estimate of the spectral broadening due to multipass SPM confirms the
observed broadened pulse spectral width. Assuming a negligible group velocity

dispersion, we approximate the spectrum broadening due to SPM by:
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where y and € are the nonlinear index of refraction and the length of the
neodymium glass respectively, I, is the pulse intensity at the kth round trip and I is
the peak amplified pulse intensity, and K, is an effective round trip number which
givesLI, = K1 . With £=4cm (twoslabs), y =3 x 106 cm2/W, 2 ¢, = 11 ps, I =
2.3x10°W/cm?, and K.;7= 9, we obtain A),,,, = 32 A which is in good agreement
with the observed broadened spectral width.

Our method of intracavity-chirped pulse amplification and compression by
using a regenerative amplifier is essentially independent of the initially very weak
pulse energy since a strong SPM can always occur in the later part of the
regenerative amplification. With a seed pulse of definite temporal and spectral
characteristics from a stable oscillator, the chirped pulse spectral broadening and
the compressed pulse width are reproducible. In addition, this approach offers
much higher power handling capability than conventional pulse compression using
an optical fiber. It essentially uses the regenerative amplifier as a large scale optical
waveguide for producing substantial SPM. The technique can be applied to other
types of laser systems, and various nonlinear materials may be used to enhance the
SPM.

_In conclusion, we have generated subpicosecond pulses with high pulse energy
at arelatively high repetition rate. By enhancing the intracavity self-phase
modulation in a Nd:phosphate glass regenerative amplifier, we can both amplify

the picosecond pulse and broaden the pulse spectrum. The spectrally broadened
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pulses are then compressed to 0.55 ps with a pulse energy of 11 pJ ata 370 Hz
repetition rate. By not using an optical fiber for pulse compression, we can

generate high power pulses.

The authors would like to thank Dr. J. Goldhar for helpful discussions. This

work was supported in part by the Air Force Office of Scientific Research.
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FIGURE CAPTIONS

Figure 1.

Figure 2.

Figure 3.

Schematic of the Nd:phosphate glass oscillator and regenerative
amplifier. Nd - Nd:phosphate glass. AOM - acousto-optic modulator.
PC - Pockels cell. In the first part of the experiment, only one
Nd:phosphate glass slab as a gain medium was used in the regenerative
amplifier. In the second part of the experiment, a second unpumped
Nd:phosphate glass slab was added to the regenerative amplifier to
enhance the self-phase modulation.

Pulse spectra (a) Spectrum of pulse from oscillator. (b) Spectrum of
amplified pulse from regenerative amplifier.

Autocorrelation trace of compressed pulses.
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Appendix 3

Femtosecond Pulse Generation at 1.05pm Using Self-Phase Modulation in a
Regenerative Amplifier and a Fiber.

Li Yan, P.-T. Ho, and Chi H. Lee

Department Of Electrical Engineering
University Of Maryland
College Park, Maryland 20742
(301) 454-6852

and

G.L. Burdge
Laboratory For Physical Sciences
4928 Coliege Avenue
College Park, Maryland 20740
(301) 277-4190

ABSTRACT

Pulses of 30 fs duration at 1.054 pm are generated by pulse compression in two
stages, using self-phase modulation in a Nd:phosphate glass regenerative amplifier

and an optical fiber.




Femtosecond Pulse Generation at 1.05um Using Self-Phase Modulation in a
Regenerative Amplifier and a Fiber.

Li Yan, P.-T. Ho, and Chi H. Lee
Department Of Electrical Engineering
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College Park, Maryland 20742
(301) 454-6852
and
G.L. Burdge
Laboratory For Physical Sciences
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To date most ultrashort optical pulses have been generated in the visible
spectrum.'3 The pulse widths in the near infrared from neodymium laser systems at
1.06pm are much longer. Even after two stages of pulse compression, the shortest
pulse width generated at 1.06um is still only 200 fsec.® The problem with previous
short-pulse laser systems operating at 1.06um is that the pulse energy is limited by
the stimulated Raman scattering in the optical fiber to about 20rJ.% This iow pulse
energy is not high enough to generate sufficient self-phase modulation to compress
a pulse shorter than 200 fsec.® in this paper we report much shorter pulse
generation by using aregenerative amplifier both to amplify the pulse energy and
to broaden the pulse spectrum by intracavity self-phase modulation for the first
stage of pulse compression. The addition of an optical fiber further compresses the
to 30 fsec at 1.054pm. To our knowledge, these are the shortest pulses produced at

this wavelength.

Figure 1 shows the schematic of the laser system. A cw argon-ion laser pumps
both the Nd:phosphate glass cw oscillator and the high-repetition-rate
regenerative amplifier. The oscillator, which is actively modelocked by an acousto

optic modulator, generates stable pulses of ~11 psec at 100MHz with an average
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power of 50mW. An injection pulse (~5plJ) is coupled into the regenerative amplifier,
which not only amplifies the pulse energy to ~27pJ but also broadens the pulse
bandwidth to ~34 A by intracavity self-phase modulation. Subsequently, these
amplified, spectrally-broadened and chirped pulses are compressed by a pair of
gratings (1800 grooves/mm) to 0.55 psec with a pulse energy of 11uJ. The amplifier

operates at a 370 Hz repetition rate.

After the first compression, the subpicosecond pulses are coupled into an
optical fiber. (The pulse energy exiting the amplifier must be attenuated to avoid
fiber end surface damage and to limit the broadened pulse bandwidth for optimum
compression.) The fiber broadens the pulse bandwidth to 500 A. Pulses are then
compressed further by a second pair of gratings (600 grooves/mm). Figure 2 shows
the autocorrelation of the compressed pulses with a 30 fsec pulse width for a sech®

pulse shape. A reasonable ~ 70nJ pulse energy was obtained.

Insummary, we have used the intracavity self-phase modulation in a Nd:glass
regenerative amplifier as the first stage of compression to generate 0.55 ps, 10u)
pulses at a8 370 Hz repetition rate. Then using an optical fiber as the second stage,

we further compressed the pulses to 30 fs.
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FIGURE CAPTIONS

Figure 1. Schematic of the Nd:phosphate glass oscillator and regenerative
amplifier. Nd - Nd:phosphate glass. AOM - acousto-optic modulator.
PC - Pockels cell. The second unpumped Nd:phosphate glasssiab is
added to the regenerative amplifier to enhance self-phase modulation.

Figure 2. Autocorrelation trace of compressed pulses after the second stage pulse

compressor. A sech?’ pulse shape is assumed.
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Appendix 4

TUMSO Photoconductive switching in diamond
wnder high bles

J. J. GURRY, 8. T. FENG. CHI H. LEE, P.-T. HD, J.
GOLDHAR, U. Maryland, Electrical Engineering
Dept., Coflloge Pask, MD 20742.

Bocause of its unique electrical and thermal
properties. dlamond is & very interesting material
for photoconductive switching. Previous stud-
les'? showed thet i is capable of fast response
and high switching efficiency when radiated with
UV laser pulses. The third harmonic of a Nd laser
&t 355 nm and & KrCl laser at 206 nm were used for
switching. Wae report the cbservation of the non-
linear dependence of mobility and carier lifetime
on high bias fleids (up 10 ¥ MV/cm); 8 KrF laser at
248.6 nm and a N, laser at 337 nm were used.

Since the laser power required for switching &
photoconductor i a strong function of the intere-
lectrode gap. 10 take advantage of the high insulat-
ing strength of diamond, we constructed a photo-
conductive switch with a high aspect ratio (Fig. 1).
The dliamond was a natwal type !l crystal, and

. eutectically contacted metal slectrodes were fab-

ricated by the manufactrer (Dubble Dee Dia-
mond).

A low-power KoF laser output (3 mJ/20 ns) fo-
cused on the switch resulted in good switching
officiency (3 Z 90%) for ali bias voitages up to 10
kV. A direct current charge was used up to 8 kV
with a switch container filled with 1 atm of SF.

Curg veliege

|

o SRS fmm

Orgmend I

10 oncilescore

TUMSO Photoconductive diamond

switch.

Fig. 1.

SHITCH RESISTANCE ¢ KILO-0MIS )

For higher voltages, the container was filled with
distilled water, and the puise blas was used up 10
10 kV. This allowed us to study the switching in
diamond with applied fields up to 1 MV/cm, which
is much higher than applied in previous work.'?
With maximum laser power, the switch resistance
was much less than the 50-0) impedance of the
transmission lines, and &t is, theretore, hard to
caiculate it from the output puises. Measure-
Ments of resistance st lower kradiating intensities
showed that the conductivity at low blas voltages
was substantially higher than that at high bias, as
shown In Fig. 2.

Very similar behavior was observed at 248 and
337 nm, and even switching efficiencies were ap-
proximately the same for the same input powers.
The 337-nm (aser pulse was ~1 ns, and the ob-
served electrical puise at low bias was ~15%
wider, implying that the carrier Iifetime was ~0.5
ns. When the blas voltage was increased 10 ~1
kV, the electrical and laser puise shapes coincid-
od, showing a decrease in the responsae time of the
switch.

Further investigation of response time of the
switch and of physical processes occurring under
high blas condhtions is In progress.

(Poster paper)

1. P.T.Ho, C. H. Lee. J. C. Stephenson, and R. R.
Caranagh, Opt. Commun. 48, 202 (1983).

2. H.M.van Oriel, R.F.Code, D. T. Moss, and P. K.

Bharadual. Proc. Soc. Photo-Opt. instrum. Eng.
439, 101 (1983).

it
i
;

.2 K} .6 5
$1AS FIELD ¢ wv/n )

TUMS0 Fig. 2. Resistance as a function of bias
fleid for 8 switch iragiated with peak intensity of
10% W/em? st 249 nm.




Appendix 5

Evolution of gain and absorption in a CW modelocked dye laser

Y. X. Wu* and P.-T. Ho
Electrical Engineering Department
University of Maryland
College Park, MD 20742

Abstract

We have measured the evolution of the gain (thodamine) and absorber (DODCI) dyes
inside a CW modelocked dye laser. The recovery time of either dye after the passage of the
intra-cavity pulse was found to be much longer than 1 picosecond. However, a probe pulse
passing through one dye after the other experienced a net gain which lasted only about 1
picosecond, the duration of the pulse. The results are consistent with the mechanism of

pulse formation in a dye laser modelocked by a slow saturable absorber proposed by New

and Haus.

* Present address: Germanium Power Devices, Inc., Bldg. 4, York St., Andover, MA
01810.
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The CW dye laser using rhodamine as the gain medium and DODCI as the saturable
absorber was first modelocked in 1972 to generate picosecond pulses [1]. The first ex-
periment using these picosecond pulses was to measure the recovery time of the absorber
DODCI. The measured recovery time, about 1 ns and 1,000 times longer than the pulses
generated [2], caused some surprise. Since according to the prevailing theories at that
time, the recovery time of saturable absorber used ir modelocking should be shorter than
the width of pulses generated. New {3] and Haus [4] proposed a solution — the dynamics
of gain saturation must be taken intc account. Haus obtained a closed-form solution to
the pulse shape, hyperbolic-secant. The hyperbolic-secant pulse shape was verified [5], but
there has been no more experimental work on the fundamental pulse forming mechanism.
Instead, most work has been done in the important task of further pulse shortening using
techniques like “colliding pulses” [6], or removing pulse limitations in optical clements by
compensating group velocity dispersion with prisms [7]. As a result of these advances,
pulses in the femtosecond region can be generated directly from a dye laser. And the dye
laser still remains the only system which can generate short pulses with this method. To
develop other lasers, some more work should be done to confirm the basic pulse forming
mechanism. For example, in semiconductor laser materials, the key parameters in New's
and Haus’ theories, relaxation time and cross-section, are roughly the same as those of
the dyes. In this letter, we report results on probing the saturable gain and the saturable

absorber in a dye laser when it is operating modelocked.

The experimental set-up is shown in Fig 1. It contains a colliding-pulse modelocked
dye laser [6]. The laser ring has three plane mirrors. A pair of concave mirrors (radius
= 10 cm) are used to focus the beam on the gain jet (rhodamine 590); a pair of lenses

(focal length = 2.2 cm), on the saturable absorber jet (DODCI). The solvents for both

2




dyes are ethylene glycol. The concentration of rhodamine is 2.5 x 10~3M. The absorber
concentration, 107*M, is lower than usual as the jet is thicker; the jet nozzle has not
been squeezed as commonly done. Both jet nozzles have 0.5 mm openings. The lasing
wavelength is 0.62 um. Typically, the dye laser emits about 10 mW average power at 4.5
watts of argon pump power. The pulse round trip time is 10 ns. No attempt was made
to minimize the pulsewidth, which is between 0.5 ps to 1 ps, depending on the operating
condition. The main reason for the relatively long pulsewidths is the pair of lenses used to
focus the counter-propagating beams on the saturable absorber. The choice of lenses will
be explained below. An output pulse train, after a delay of about one cavity round trip
time, was redirected back to the laser to measure three events: (1) the time evolution of
the absorber; (2) the time evolution of the gain; and (3) the time evolution of the combined
gain and absorber. (Tor the sake of clarity, only the probing of the absorber is shown in
Fig. 1.) The measurements were taken by the standard pump-probe technique, with the
strong pulses circulating inside the laser resonator as the pump and the output pulse train
as the probe. The intracavity beam power is estimated to be one watt; the probe beam,
under 1 mW. The time-averaged transmission of the probe as a function of delay relative
to the pump measures the evolution of the medium under probe [8].

Spatial overlap of the pump and probe pulses was difficult to achieve in this experi-
ment, since the intracavity beams were tightly focused on the dye jets. Initially, a pair of
mirrors were used to focus the beams on the absorber. The astigmatism introduced in the
probe beam proved excessive, so a pair of lenses were used instead, with the result that the
pulse width was broadened from 0.1-0.3 ps to 0.5-1.0 ps. An additional difficulty arised
in measuring the combined transmission through the absorber and the gain. The probe
beam and the pump beam have to be spatially separated, yet the difference in optical path
length they travel between the absorber and the gain must be well within the pulse width.
After careful alignment, we estimated that the path length difference was no more than
0.2 ps. Had we operated the laser in the femtosecond region, the combined transmission

measurement would have been impossible.

Results from the experiment are shown in Fig. 2. Fig. 2a and Fig. 2b show, respec-

tively, the transmission through the saturable absorber (DODCI) alone, and through the

3




gain (rhodamine 590) alone. (The sharp corners in Fig. 2 are the “coherence artifacts”
described in Ref. 8.) It can be seen that during the passage of the strong intracavity
pulse, both the gain and the absorber were saturated, but neither recovered immediately
afterwards. When the probe pulse passed through the absorber and then through the gain,
the transmission was entirely different (Fig. 2c) — the net gain (gain less absorption) shows
a peak on the order of the pulse width (1 ps). Thus the combined saturable gain and
saturable absorption can indeed provide a net gain which lasts only about as long as the

pulses, even though either alone cannot.

In conclusion, our results are consistent with the pulse forming mechanism proposed
by New (3] and Haus [4], and that absorptive effects alone in slow media (as opposed to
dispersive) are sufficient to produce pulse modulation on a time scale several orders shorter

than system response times.
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Figure Captions

Figure 1.  Experimental Set-Up.

Figure 2.
(a) Transmission through the absorber dye (DODCI) alone.
(b) Transmission through the gain dye (rhodamine 590) alone.

(c) Transmission through the absorber dye and then through the gain dye.
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